Abstract

13
In 1998, we published a paper (Fleming et.al, 1998 ) describing some aspects of 14 Ishikawa endometrial epithelial cell differentiation from monolayer cells into cells 15 forming fluid-filled hemispheres called domes. The process begins with the 16 dissolution of membranes within discrete regions of the monolayer. Nuclei from fused 17 cells aggregate and endogenous biotin in particulate structures assumed to be 18 mitochondria increase throughout the resulting syncytium. Endogenous biotin is also 19 the distinguishing feature of a membrane that surrounds aggregates of multiple nuclei 20 in a structure called a mitonucleon. The current paper includes additional 21 observations on structural changes accompanying Ishikawa differentiation. Vacuoles 22 form in the heterochromatin of the mitonucleon and within the biotin-containing 23 double membrane surrounding heterochromatin. With the formation of vacuoles, the 24 mitonucleon can be seen to rise along with the apical membrane of the syncytium in 25 which it formed. The small vacuoles that form within the heterochromatin result in 26 structures similar to "cells with optically clear nuclei" found in some cancers. The 27 second larger vacuole that forms within the membrane surrounding the 28 heterochromatin transforms the cell profile to one that resembles "signet ring" cells 29 also observed in some cancers. Eventually the membrane surrounding the massed 30 heterochromatin, generated three to four hours earlier, is breached and previously 31 aggregated nuclei disaggregate. During this process heterochromatin in the 32 mitonucleons undergoes changes usually ascribed to cells undergoing programmed cell 33 death such as pyknosis and DNA fragmentation (Fleming, 2016b) . The cells do not die; 34 instead chromatin filaments appear to coalesce into a chromatin mass that gives rise 35 to dome-filling nuclei by amitosis during the final three to four hours of the 20 hour 36 differentiation (Fleming, 2016c) . 37
Introduction
38
Endometrial epithelial cells lining the uterine cavity proliferate and differentiate in 39 response to the hormones estradiol and progesterone in preparation for implantation 40 of a fertilized egg in humans. More than 30 years ago, researchers including this 41 author, began working with cultures of human endometrial epithelia hoping that some 42 aspects of this process could be studied in vitro (Fleming, 1999) . 43
Endometrial cancer cell lines retain some of the characteristics of their in vivo 44 counterparts and have the distinct advantages of predictability and ready availability 45 for experimentation. But some cell lines retain more of the organ appropriate 46 characteristics than other lines and that proved to be true for the Ishikawa line. 47
Started from a well-differentiated adenocarcinoma and found to contain estradiol and 48 progesterone receptors (Nishida et al. 1985 ) the cells were shown capable of 49 functions characteristic of normal endometrial cells such as enhanced proliferation in 50 response to estradiol and tamoxifen (Holinka et al.,1986a To characterize the process we needed to find conditions that predictably resulted in 57 dome formation (Fleming, 1995) , determine what factors enhanced the process 58 (Fleming et al. 1998) , look for the synthesis of new proteins (Fleming et.al. 1995; 59 Fleming 1999) , and finally examine the structural changes underlying differentiation. 60
Progesterone and a large factor in fetal calf serum stimulate dome formation in 61 confluent monolayers of Ishikawa cells, with dimethyl sulfoxide (DMSO) and fatty 62 acids enhancing the process 1999) . The process occurs 63 over a 16 to 20 hour period starting with the formation of syncytia in the first 4 to 6 64 hours when stimulating factor contained in fetal bovine serum is added to confluent, 65 quiescent monolayers. The development of elevated predomes from syncytia occurs 66 over the next 6 to 8 hours, and finally mature domes appear after 4 to 6 more hours. 67
Clones could be isolated that made more and larger domes including a clone that 68 routinely extended domes into everted gland-like structures (Fleming et al., 1998; 69 Fleming, 1999; Fleming 2016c As the bubble-like vacuoles enlarge within and compress the heterochromatin, the 143 resulting structure ( fig.3) . 4a) . This vacuole appears to be 164 responsible for significant elevation of the apical membrane, the full extent of which 165 can only be appreciated by focusing above the monolayer in unfixed, living cultures. 166
Even then, it is clear that the boundaries of the protrusion are not all in focus. The 167 protrusions collapse if the predome is fixed and stained as in fig.4b . The collapsed 168 vacuole looks like the annulus of a "ring" whose signet stone is the heterochromatin, 169 now quite pyknotic. 170
The other prominent feature of the "rings" in fig. 4b includes The fixed and stained predome in fig. 5 provides insight into how mitonucleons 180 disassemble. The membrane protrusion on the left in fig. 6 resembles the protrusions 181 in fig. 4b , except that at least three pyknotic nuclei appear to make up the "signet 182 stone" suggestive that the nuclear aggregate formed several hours earlier is coming 183 apart. Numerous particulate nucleoli-sized structures can be observed in the space 184 The heterochromatin in the left-most mitonucleon looks pyknotic, almost wafer like in profile, although the aggregated nuclei appear to be disaggregating. Subtle but detectable changes have occurred in the second mitonucleon possibly due to a breach of the membrane that originally encircled chromatin. Dark structures appear to be "leaking" out of the surrounding membrane and the chromatin has begun to spread. Bar=50 um between the inner and outer vacuolar membranes. While in the neighboring 186 mitonucleon, those structures are leaking into the syncytial cytoplasm (arrow) as the 187 mitonucleon double membrane begins to break down. 188
The chromatin also appears to be "spreading" out from its pyknotic state, suggestive 189 of critical changes in the chromatin as the enveloping membrane that stained for 190 endogenous biotin disassembles. The fate of the chromatin in these structures is 191 discussed in the accompanying paper (Fleming, 2015b) . 192 On the other hand papers have also appeared reminding pathologists that not all 232 signet ring cells are neoplastic (Iezzoni and Mills, 2001 
Membrane elevation during Ishikawa Differentiation
248
The physiologically significant event during the first 10 hours of Ishikawa dome 249 differentiation is the elevation of syncytia containing mitonucleons. Vacuole 250 formation appears to be the driving force. The rapid rise and fixation-dependent 251 collapse of the apical protrusion suggests that the central vacuole is filled with 252 material readily generated and easily dispersed such as a gas. The simplest, albeit 253 unorthodox, explanation is that the mitochondrial-like membranes enveloping 254 aggregated nuclei contain the metabolic enzymes necessary to generate CO2, and are 255 oriented so that CO2 accumulates both within the nuclear compartment and within 256 the double membrane surrounding the aggregated nuclei. The stimulus to 257 differentiate was found to be most effective when delivered with fresh medium to a 258 quiescent monolayer, which, of course, contains glucose. It is useful to note that 259 numerous vacuoles also appear to be generated in surrounding cells but not into 260 heterochromatin, rather at the borders of the cells that are not differentiating (an 261 example of that can be seen in fig. 3a ) 262
Gas vesicles, commonplace in planktonic microorganisms such as cyanobacteria where 263 they facilitate vertical migrations (Walsby, 1994) , are not generally a feature of 264 animal cells. But that does not mean that gasses could not build up in an unusual 265 structure such as the mitonucleon. Furthermore the century-old dogma that all 266 lipophilic gasses, such as CO2, are so highly soluble in lipid bilayers that they always 267 move freely in and out of cell membranes is being refined as a result of some clever 268 Fig. 7 Mature domes four days after the addition of fetal calf serum under conditions that stimulate dome formation.
As long as the domes are elevated, they stain brightly, although not uniformly, for endogenous biotin associated with mitochondrial carboxylases. Perhaps these are vanguard mitochondria. Bar = 100 microns experimentation as reviewed by Endeward et al. (2014) . Approximately 2 decades 269 ago, research using a single stomach gland demonstrated that while CO2 was 270 transported across basal membranes as rapidly as might be predicted by the theory of 271 "free movement," transport across the apical membrane (Waisbren et al. 1994 ) was 272 at least two orders of magnitude slower. Similarly, Endeward and Gros (2013) 273 demonstrated that CO2 permeability for guinea pig colon membrane is more than 100 274 times slower than CO2 permeability for human red cells. Subsequent research has 275 begun to unravel the significance of cholesterol in diminishing CO2 transport through 276 membranes, as well as the effects of proteins, particularly the water channel protein 277 aquaporin 1, on the permeability of CO2 through membranes (Itel et.al. 2012 ). 278 Nakhoul et al. (1998) demonstrated that aquaporin-1 (AQP-1), which facilitates 279 transport of H20 across a membrane (Preston et. al. 1992) , also affects CO2 280 permeability in Xenopus oocytes leading to the controversial proposition that protein 281 gas channels such as aquaphorin 1 facilitate exchange of CO2 with H20. Similar 282 reports have appeared based on other systems (Talbot et. al. 2015) . 283
Several other aquaphorins have been found, although it is still debated whether they 284 have a physiological significance. The system being proposed for dome formation 285 might provide an example of significance. Do some of the cavities that form in vivo 286 start out as gas-filled cavities with aquaphorins facilitating the exchange of gas for 287 fluid? Even with the dissolution of the mitonucleons, mature domes continue to 288 contain significant amounts of endogenous biotin, linked to carboxylases (Fleming, 289 1998), and lying close to the apical membrane surface so that domes stain brightly as 290 in fig. 7 . The abundant staining diminishes when domes collapse. This fact could be 291 explained if CO2 generation provides for ongoing refreshment of dome fluid in 292 exchange for that CO2. The loss of stainability and the flattening of domes appear to 293 occur at the same time, although it is important to note that wholesale death of the 294 cells, as might be evident by holes in the monolayer, is not seen. 
Materials and Methods
327
Ishikawa cells were cultured (Fleming 1995 
